INTRODUCTION
Single base changes in genomic DNA can be directed by synthetic oligonucleotides. These vectors are used either to correct genetic mutations or to introduce stop codons in genes, which terminate protein expression or produce truncated versions of the protein. One class of vectors, known as chimeric oligonucleotides, or chimeras, are self-complementary duplex structures that fold spontaneously into a double-hairpin configuration, a molecule consisting of a double-stranded stem connected by hairpin-capped ends (for a review see 1) . One strand of the stem is chimeric, consisting of a DNA and 2′-Omethyl RNA backbone. The double-stranded stem contains the duplex targeting region that is homologous to the target sequence, with the exception of a single base embedded in the middle of this region (2, 3) . Once bound, the chimera acts as a template for nucleotide exchange and the complementary base is inserted into the target helix directed by the chimera. This reaction is governed by the normal cellular processes of DNA recombination and repair.
Initial reports indicated that the chimera could act at the episomal (4) and the chromosomal level (5) . Chimera-directed nucleotide exchange was demonstrated in the alkaline phosphatase gene of cultured human HuH-7 cells (6) and in a factor IX gene of rat hepatocytes in vivo (7) , among many others. Single base correction has also been demonstrated in animal models, including the Gunn rat model for Crigler-Najjar syndrome (8) , a rat model for carbonic anhydrase deficiency (9) and in the canine (10) and murine (11) models of muscular dystrophy. The chimeric oligonucleotide also proved useful in targeted gene conversion of the tyrosinase gene in albino mouse melanocytes and in the appropriate mouse model, a system providing the means for facile phenotypic readout (12, 13) . Recently, Li et al. (14) demonstrated targeted conversion of a mutant β-globin gene in MZL cells at a correction efficiency of 1.9%, confirming the initial reports of ColeStrauss et al. (5) . Tagalakis and colleagues then employed this technique to repair a mutation in the APO2E gene and achieved correction frequencies exceeding 30% (15) .
A systematic dissection of the functional domains of the chimera (16, 17) revealed that the contiguous DNA region is the domain that directs the majority of nucleotide exchange and the RNA region confers an enhanced level of stability onto the conjoined complex of vector and target (18) . Singlestranded molecules containing RNA were almost devoid of correction activity, while the DNA construct with the same central mismatch was only one-fifth as active as the chimera in a cell-free extract assay. In the latter case, the lower rate of conversion is likely attributable to rapid degradation of singlestranded DNA. An immediate and reproducible enhancement of activity was observed in mammalian and plant cells using a novel single-stranded DNA targeting vector containing a specific number of modified terminal linkages. Hence, an important step in stabilizing and elevating frequencies of gene repair has involved the simplification of vector design. This new generation of vectors is synthesized more efficiently, as compared to the chimera, with a higher percentage of fulllength molecules in the final product.
*To whom correspondence should be addressed. Tel: +1 302 831 3420; Fax: +1 302 831 3427; Email: ekmiec@udel.edu To begin to understand the mechanism of targeted gene repair in vivo, we chose to examine the role of DNA-associated enzymes, particularly those involved in recombination and/or repair, in the model organism Saccharomyces cerevisiae. Yeast has been used previously by us in studies of DNA repair directed by synthetic oligonucleotides (19) (20) (21) , and many recombination/repair genes in yeast are conserved in higher eukaryotes.
RAD51, RAD52 and RAD54, members of the RAD52 epistasis group, code for proteins that are central to the initial steps of recombination. Other proteins, such as Rad55p and Rad57p, have been shown to participate in DNA pairing (22) , but their roles appear auxiliary to those of Rad51p, Rad52p and Rad54p, respectively. Rad51p and Rad54p have been shown to be required for efficient D-loop formation (23, 24) . Rad51p acts as a DNA strand transferase capable of assimilating an oligonucleotide into a circular plasmid at regions of complementarity. Rad54p is a Swi2/Snf2-like factor, which promotes D-loop formation by Rad51p (23) (24) (25) , presumably by transient helix destabilization induced by Rad54p-promoted chromatin remodeling. The joint molecule (D-loop) is the central intermediate in the process of targeted gene repair (16) , and the proteins that catalyze its formation are likely to control the rate-limiting factors of the reaction. Rad52p is known to aggregate at DNA lesions and form foci that may represent active sites of DNA repair (26) . Rad52p also stimulates DNA annealing and helps 'load' Rad51p onto single-stranded DNA prior to strand transfer (27) , with the subsequent displacement of RPA. Recent mutational analyses reveal that Rad51p-Rad52p and Rad51p-Rad54p interactions occur on partially overlapping interfaces (28) . All of these DNA-associated reactions could impact on the gene repair process and modulate its frequency.
We demonstrated previously that targeted gene repair of a plasmid using modified single-stranded DNA vectors occurs readily in S.cerevisiae (29) . Based on these results, and the fact that the D-loop is a critical intermediate in the pairing phase of gene repair, it seemed reasonable to predict that proteins involved in DNA strand assimilation would be good candidates for enzymes that regulate the frequency of repair. As described above, central players in D-loop formation in yeast are Rad51p, Rad54p and, perhaps, Rad52p. Herein, we demonstrate that the activity of all three genes impact on the gene repair reaction, albeit in different ways. Rad51p and Rad54p appear to be important for gene repair activity, while Rad52p acts in an antagonistic fashion. Overexpression of RAD51 or RAD54, but not RAD52, results in both elevated frequencies of targeted gene repair in episomal and chromosomal targets.
MATERIALS AND METHODS

Plasmid DNA constructs and yeast strains
Plasmids pAURHyg(rep)eGFP and pAURHyg(ins)eGFP were constructed by inserting a cassette containing a mutant hygromycin gene and a fused eGFP gene into the pAUR123 shuttle vector, thus producing a stable episomal plasmid (29) . This fusion cassette was inserted into pAUR101 to form the integrative plasmid pAUR101Hyg(rep)eGFP. Plasmids pYNRad51, pYNRad52 and pYNRad54 were constructed by inserting the S.cerevisiae genes RAD51, RAD52 and RAD54, respectively, into plasmid pYN132, a modification of pYX132 (R&D Systems Europe, UK) containing a NdeI site in place of the NcoI site (a kind gift from Dr W. K. Holloman, Cornell University School of Medicine). Briefly, the RAD51, RAD52 and RAD54 genes were amplified from yeast strain LSY678 genomic DNA using the following sets of primers: Rad51F (5′-CGGAATTCTCATATGTCTCAAGTTCAAGAACAAC) and Rad51B (5′-GTGCTCGAGCCTACTCGTCTTCT-TCTCTGG); Rad52F (5′-CGGAATTCATGGCGTTTTTAA-GCTATTTTGC) and Rad52B (5′-GCTCTCGAGTCAAG-TAGGCTTGCGTGCATGCAG); Rad54F (5′-CAGAATTC-CTGATGGCAAGACGCAGATTACCAG) and Rad54B (5′-TGACTGCTCGAGGTAATGACCCCCCGACGATCGA). The PCR products were cut with EcoRI and XhoI (New England BioLabs) and ligated into pYN132; proper insertion and orientation were confirmed by DNA sequencing. 
Oligonucleotides
Single-stranded oligonucleotide vectors Hyg3S/25NT, Hyg3S/40NT, Hyg3S/60NT, Hyg3S/74NT, Hyg3S/74T, Hyg3S/100NT and Kan3S/70T were synthesized as described previously (29) . Hyg3S/74NT was designed to target the nontranscribed strand of the hygromycin gene and Hyg3S/74T is directed against the transcribed strand. Kan3S/70T is a nonspecific oligonucleotide bearing no complementarity to the hygromycin gene (29) .
Transformation of S.cerevisiae
Plasmids and oligonucleotides were transformed into yeast cells by electroporation. Yeast cells were grown in yeastpeptone-dextrose (YPD) or selective media at 30°C to a density of ∼2 × 10 7 cells/ml, then harvested and washed with dH 2 O (twice) and 1 M sorbitol. The cells were resuspended in 120 µl of 1 M sorbitol and aliquots (40 µl) of yeast suspension (1 × 10 8 cell) were electroporated using a Gene Pulser Apparatus (Bio-Rad, Gaithersberg, MD) at the following settings: 1.5 kV, 25 µF, 200 Ω, 1 pulse, 5 s pulse length. Cells were then allowed to recover in 3 ml of YPD medium supplemented with 1 M sorbitol for 16 h and were plated (200 µl) on YPD + hygromycin (300 µg/ml) plates, YPD + aureobasidin A (0.5 µg/ml) plates or on plates lacking tryptophan (SC-trp). Colony counts were determined using an AccuCount 1000 (Biologics) and tabulated from five independent experiments done in triplicate. For the uptake studies, strains LSY678, LSY402, LSY386 and LSY403 were grown at 30°C to a density of ∼10 7 cells/ml in 40 ml of YPD medium, washed twice with 25 ml of sterile H 2 O and once with 1 ml of 1 M sorbitol, and then resuspended in 120 µl of 1 M sorbitol. Aliquots (40 µl, 10 8 cells) were electroporated with 5 µl of 4 µM [ 32 P]Hyg3S/74NT oligonucleotide and recovered in 1 ml of YPD for 30 min. Cells were washed twice with 1 M sorbitol and the radioactivity was detected with a LS6500 scintillation counter (Beckman, Fullerton, CA).
Complementation by RAD51, RAD52 or RAD54
Plasmids pYN132, pYNRad51, pYNRad52 and pYNRad54 were electroporated into LSY678, LSY402(∆rad51), LSY386(∆rad52) and LSY403(∆rad54), respectively. Cells were spread on plates lacking tryptophan, and the presence of the plasmids was confirmed by colony PCR. The overexpression of functional Rad51p, Rad52p and Rad54p in yeast was confirmed by complementation of the sensitivity to methyl methanesulfonate (MMS) seen in the deletion strains. Yeast were cultured in SC-trp medium until the OD 600 reached 0.1, then a 10 µl aliquot of a series of 10-fold diluted cell suspensions was plated on SC-trp plates or on 0.020% (v/v) freshly made MMS plates. Cells were cultured at 30°C for 3 days and the growth remaining was visualized and photographed.
Overexpression of RAD51, RAD52 and RAD54 in the episomal yeast strains
Yeast strains LSY678, LSY402(∆rad51), LSY386(∆rad52) and LSY403(∆rad54),
bearing either episomal plasmid pAURHyg(rep)eGFP or pAURHyg(ins)eGFP, were transformed with one of four plasmids, pYN132, pYNRad51, pYNRad52 or pYNRad54, then spread on SC-trp medium plates containing aureobasidin A. The presence of the plasmids was confirmed by colony PCR. All targeting experiments were carried out in trp -medium, selective for the RAD expression constructs.
Creation of the integrated hygromycin gene target and overexpression of Rad51p, Rad52p and Rad54p
Integrative plasmid pAUR101Hyg(rep)eGFP was linearized with StuI (New England Biolabs) and electroporated into LSY678 following the protocol described above. Resistant colonies were selected on YPD + aureobasidin A plates, then confirmed by colony PCR and Southern blotting. The integrated hygromycin gene was targeted with vector Hyg3S/ 25NT, Hyg3S/40NT, Hyg3S/60NT, Hyg3S/74NT, Hyg3S/ 74T or Hyg3S/100NT and selected as described above. LSY678 bearing the integrated hygromycin cassette was transformed with plasmid pYN132, pYNRad51, pYNRad52 or pYNRad54 and confirmed by colony PCR. These strains were cultured in SC-trp medium to a cell density of 10 7 /ml. Hyg3S/ 74NT was electroporated and the cells were plated on YPD + hygromycin plates (200 µl of undiluted yeast cells) or on YPD + aureobasidin A plates (200 µl of 10 5 diluted yeast cells).
RESULTS
Assay system and electrocompetency of wild-type and mutant yeast cell lines
Two mutant plasmids were used as substrates for gene repair with modified single-stranded DNA vectors (29) . Each plasmid contains a mutated hygromycin gene ( Fig. 1 ): plasmid pAURHyg(rep)eGFP harbors a point mutation creating a stop codon, while pAURHyg(ins)eGFP contains a single base insertion at the same codon site. These plasmids also contain CEN4 and ARS1 elements for maintenance at low copy number. Correction of either mutation by the oligonucleotide vector Hyg3S/74NT or Hyg3S/74T (also shown in Fig. 1 ) results in resistance to hygromycin. The plasmids were introduced into the indicated yeast strain by electroporation and maintained stably under selection (29) . Subsequently, the single-stranded vectors were electroporated and the cells were allowed to recover for 16 h under aureobasidin selection (0.25 µg/ml). Cells were analyzed for correction of the hygromycin mutation by spreading on agar plates containing hygromycin and by diluting a second sample of cells onto plates containing aureobasidin A, ensuring that the vast majority of cells targeted contained targets of the oligonucleotide vector. The correction efficiency is determined by dividing the number of Hyg r colonies by the number of Aur r colonies.
Intrinsic to this assay is the electrocompetency of the yeast cell and, in particular, mutant cell lines, which vary at only one locus. The experimental protocol relies on electroporation of the oligonucleotide vector and, in some cases, the expression vector for episomal gene repair. Similarly, targeting experiments carried out at the chromosomal level involve the same two elements. Thus, a fundamental aspect of gene repair is to measure yeast transformation. To analyze for plasmid electroporation efficiencies, plasmid pAURHyg(wt)eGFP containing the wild-type hygromycin gene was introduced into strains LSY678, LSY402(∆rad51), LSY386(∆rad52) and LSY403(∆rad54). The number of hygromycin-resistant colonies was approximately equal for all three strains (data not shown), indicating that plasmid transformation is equally proficient. To test for the electrocompetency of the oligonucleotide vector, Hyg3S/74NT was radiolabeled at the 5′ end and the purified molecule introduced into each of the strains listed above. As shown in Table 1 , LSY402 and LSY386 have comparable electrocompetencies when compared with wildtype (LSY678), while LSY403(∆rad54) exhibits 60% of the wild-type activity. This difference should be taken into consideration when comparing correction efficiencies. In addition, Danhash et al. (30) demonstrated that introduction of plasmid DNA into yeast by electroporation can result in a slow growth phenotype. And, while our growth curves did not exhibit obvious differences, this phenomenon should be taken into consideration when interpreting the data. Table 2 outlines the results of targeting experiments conducted in the three mutant strains and a single wild-type strain. Strain LSY678 does not contain any deleted genes from the Rad52p epistasis group and is, therefore, essentially the wild-type control for these experiments. The target plasmid pAURHyg(rep)eGFP was introduced into each strain previously and is maintained by growing the cells under aureobasidin A selection. The indicated plasmid construct plus 5 µg Hyg3S/74NT was electroporated into each of the four yeast strains. Plasmid pYN132 is the empty expression vector. The correction efficiency was again determined by dividing the number of hygromycin-resistant colonies appearing by the number of aureobasidin A-resistant colonies. As depicted in Table 2 , strains containing the indicated deletion, rad51, rad52 or rad54, demonstrate a reduced capacity to support the correction of pAURHyg(rep)eGFP, with LSY402(∆rad51) having the most severe impact. In contrast, gene repair activity in LSY386(∆rad52) is elevated or at least unaffected when standard deviation extremes are considered. A similar profile of activity is observed when pAURHyg(ins)eGFP is the target (Table 3) . In both cases, RAD51 and RAD54 appear to be required for repair, while the RAD52 gene appears less important for the correction of a point mutation because, in this case, only a modest reduction in repair activity was observed.
Targeted gene repair in yeast recombination/repair mutants with or without complementation
Next, we attempted to rescue the gene repair in the mutant strains and to see if overexpression of each of these genes can boost activity in the wild-type strain. To begin, RAD51, RAD52 and RAD54 were cloned into a yeast expression vector pYN132 under the control of a constitutive promoter, TPI. Since plasmid targets pAURHyg(rep)eGFP and pAURHyg(ins)eGFP are already present in the strains (maintained under aureobasidin A selection), the pYN expression cassette was chosen because it could be maintained under a different, trp, selection. To begin testing the effect of these genes directly, cells with pAURHyg(rep)eGFP or pAURHyg(ins)eGFP were electroporated with Hyg3S/74NT and gene repair was ascertained as a function of the appearance of Hyg r colonies. Overexpression of RAD51, RAD52 and RAD54, respectively, was tested first in LSY678 and, as also shown in Table 2 , RAD51 and RAD54 facilitated an increase in gene repair, while overexpression of RAD52 decreased repair efficiency. Specifically, the expression construct containing RAD51 produced a 4-fold increase in correction of pAURHyg(rep)eGFP, while RAD54 was less effective. When mutant strains lacking one of these genes served as the host for these experiments, the overexpression of RAD51 rescued the activity in the ∆rad51 deletion mutant, producing a comparable level of enhancement observed when pYNRAD51 was overexpressed in LSY678. However, neither RAD52 nor RAD54 had much impact on repair activity in LSY402(∆rad51). Similarly, overexpression of RAD54 rescued the ∆rad54 mutant and restored gene repair activity to near Figure 1 . Genetic assay systems. Gene repair assays utilize plasmids pAURHyg(rep)eGFP and pAURHyg(ins)eGFP and oligonucleotides. Plasmid pAURHyg(rep/ins)eGFP has a synthetic expression cassette, which contains a hygromycin B gene and an eGFP gene fused to the alcohol dehydrogenase (ADH1) constitutive promoter and a selective marker of AUR1-C. Plasmid pAURHyg(rep/ins)eGFP contains a point mutation at nt 137 of the hygromycin B coding sequence, which makes a replacement mutation of TA(T) (tyrosine) to TA(G) (stop codon, indicated by * in frame) or makes an insertion frameshift mutation of TA(T) to TA(AT). Correction of pAURHyg(rep)eGFP requires the replacement of the mutant G residue with a C residue and pAURHyg(ins)eGFP requires the removal of A or T and replacement with a C residue. Hyg3S/74NT and Hyg3S/74T are single-stranded oligonucleotides with a length of 74 bases. NT refers to the oligonucleotides targeting the non-transcribed strand of the hygromycin gene and T those targeting the transcribed strand. *, phosphorothiate linkages within the oligonucleotide and located at both 3′ and 5′ termini as described previously (29) .
wild-type levels, but to only one-third the level of activity seen when RAD54 was overexpressed in LSY678. Overexpression of RAD51 in the ∆rad54 strain also led to the re-establishment of activity in this mutant. Interestingly, the overexpression of RAD52 in LSY386 did not restore activity and, in fact, a significant reduction in gene repair activity was observed, suggesting further that Rad52p may act in a suppressive fashion. Overexpression of RAD51 not only restored activity in the LSY386(∆rad52) strain, but also produced activity that exceeded wild-type levels, even under conditions in which RAD51 was overexpressed in the wild-type background. In particular, overexpression of RAD51 in a ∆rad52 mutant strain increased targeted gene repair ∼17-fold over the mutant strain and >23-fold above wild-type levels. A similar level of enhancement was also observed when RAD54 was overexpressed in LSY386, reinforcing the belief that the activity of Rad54p in this reaction is reduced in the presence of functional Rad52p.
As previously reported (1, 29, 31) , the level of gene repair is reduced when a frameshift mutation is targeted for repair. The results presented in Table 3 confirm and extend this observation. Plasmid pAURHyg(ins)eGFP served as the target in strains LSY678, LSY402, LSY386 and LSY403, respectively. In each strain, RAD51, RAD52 or RAD54 was overexpressed and the gene repair activity analyzed once again. The pattern of enhancement was very similar to that seen in previous targeting experiments using pAURHyg(rep)eGFP ( Table 2) . Overexpression of RAD51 or RAD54 increased the repair activity in LSY678, while RAD52 overexpression reduced gene repair activity. Again, the overexpression of RAD51 in LSY386(∆rad52) exhibited the highest level of enhancement (nearly 17-fold above wild-type levels), while overexpression of RAD54 in LSY386 was lower here than its enhancement of point mutation repair. It is noteworthy that overexpression of PMS1, RAD57 or RAD10 in the pYN132 vector did not affect the targeted repair reaction (data not shown). These control experiments indicate that the type of gene inserted in pYN132 is important.
The results observed on RAD51 overexpression in the ∆rad52 strain may initially seem paradoxical, but these data suggest that Rad51p and Rad52p operate in pathways that may share an essential common factor or process the single- stranded vector differently. For example, the Rad51p-driven reaction may be the favored pathway and effective in initiating complexes that mature more productively into repair events. In contrast, Rad52p-driven pathways may be less effective in creating the initial reaction intermediate for gene repair. The consistent reduction in repair activity observed with overexpression of RAD52 in all strains strongly suggests a suppressive or antagonistic role. Thus, the absence of RAD52 gene activity eliminates this 'sink effect' and enables a higher level of repair activity, perhaps directed by Rad51p with or without Rad54p.
Overexpression of the RAD51, RAD52 and RAD54 genes produces functional proteins
To confirm that overexpression from the pYN vector produced the desired protein in functional form, an MMS sensitivity assay was performed. We tested for the presence of functional protein by its capacity to protect against the DNA-damaging agent MMS, an established functional assay for the activity of this set of recombination/repair genes. In this assay, the growth of the mutant cells is dependent on the capacity of the overexpressed protein to function in double-stranded break repair. As seen in Figures 2 and 3 , ∆rad51, ∆rad52 and ∆rad54 mutants (the same strains used for the gene repair assays) are unable to grow on 0.02% MMS, while the wild-type strain grows well. Overexpression of RAD51, RAD52 or RAD54 restored resistance to MMS in the appropriate mutant strains, as evidenced by the presence of cell growth in the strains bearing the overexpression constructs. These results confirm that functional Rad51p, Rad52p and Rad54p are produced from their respective overexpression constructs. In addition,
RT-PCR analyses performed on all expression construct/yeast strain combinations revealed that a similar level of each gene is being expressed (data not shown).
Gene repair of an integrated chromosomal target
The results of episomal targeting indicate that Rad51p, Rad52p and Rad54p are factors in regulating the frequency of gene repair positively and negatively. To translate these observations to the level of the chromosome, pAURHyg(rep)eGFP was integrated into LSY678 at the AUR1 locus in chromosome XI. Clones containing the integrated plasmid were selected by growth in aureobasidin A and a new strain, LSY678(int)Hyg, was isolated and confirmed by Southern blotting. Thus, to begin the next phase of the experiments, we examined chromosomal gene repair at a basal level by simply introducing either Hyg3S/74NT or Hyg3S/74T into LSY678(int)Hyg. Previously, we found that an oligonucleotide vector designed to direct correction on the non-transcribed (or non-template) strand produced a higher level of gene repair than the corresponding vector targeted to the transcribed strand (29) . The same two vectors can be used to direct the repair of the point mutation integrated in a yeast chromosome. As shown in Table 4 , repair of the chromosomal mutation was, in fact, observed, and increasing the amount of each Hyg3S vector produced correspondingly more hygromycin-resistant colonies. Surprisingly, the level of gene repair of the chromosomal target with these single-stranded vectors is approximately two-thirds the level of episomal repair. Consistent with the episomal gene targeting reported in Liu et al. (29) , the vector targeting the non-transcribed strand produced a higher level of gene repair at each dosage tested, with a maximum at 7.5 µg and declining slightly at 10.0 µg. DNA sequence analyses confirmed that the repair activity was precise and the targeted base was indeed changed (data not shown).
We also reported earlier that the length of the targeting vector was a parameter in the frequency of gene repair (1, 29, 31) . In general, as the oligonucleotide was lengthened, the level of gene repair of an episomal target was increased until a 100mer was used, and then activity was seen to diminish. The same length dependence experiment was carried out in LSY678(Int)Hyg in order to determine if the optimal vector length for episomal gene repair held for a chromosomal mutation. Using the same Hyg3S vectors with lengths varying from 25 to 100 nt, the repair of the integrated hygromycin point mutation was evaluated. As shown in Table 5 , the frequency of gene repair increased as a function of the length of the vector, with a 74mer showing maximal correction, and decreasing when a 100mer was used as the correction vector. These results parallel those found when repair of an episomal mutation was analyzed as a function of length (29) .
Enhancement of gene repair by overexpression of RAD51, RAD52 and RAD54
The results presented in Tables 2 and 3 indicate that the frequency of targeted gene repair can be increased by the overexpression of RAD51 or RAD54 and that overexpression of RAD52 decreases activity in LSY678. The same experiment could now be carried out in LSY678(Int)Hyg by introducing the overexpression constructs and monitoring the corrective activity of Hyg3S/74NT on chromosomal repair. As shown in Table 6 , repair of the integrated hygromycin mutation was less than episomal repair, but the addition of expression constructs containing either RAD51 or RAD54 elevated the targeting frequency ∼5-fold. Overexpression of RAD52, however, did not increase the level of targeted gene repair and, in fact, decreased activity. Overall, these results are quite similar to those obtained when an episome served as the template for repair. Taken together, these results suggest that repair of a chromosomal target can be enhanced by overexpression of RAD51 or RAD54 and, perhaps, suppressed by overexpression of RAD52.
DISCUSSION
Targeted gene repair directed by oligonucleotides may become an effective technique for altering single nucleotides at specific sites if the molecular mechanism is elucidated. Previous studies have demonstrated its versatility by successful application in mammalian cells (12, 13, 15, (32) (33) (34) and references therein), animal models (6) (7) (8) 10) , plants (35) (36) (37) and yeast (1, 29, 31) . Within some of these systems, however, a range of correction frequencies has been observed, frustrating and impeding subsequent efforts. To this end, we established a yeast model system for defining the reaction parameters of targeted repair in the hope of isolating and eventually manipulating the factors that regulate the frequency.
Earlier studies suggest that the repair reaction likely consists of two fundamental phases: DNA pairing and DNA repair (18) . Biochemical evidence supports the notion that the oligonucleotide vector (here a single-stranded moiety) conjoins with the target helix to form a joint molecule known as a D-loop (16, 17) . Thus, we chose to study prominent eukaryotic proteins (recombinases) known to promote DNA pairing and analyze their impact on the frequency of targeted gene repair. This study focused on three genes from the RAD52 epistasis group: RAD51, RAD52 and RAD54. These three genes are believed to be central players in the initial steps of homologous In fact, Rad52p production suppressed gene repair in all cell lines tested herein. But, overexpression of RAD51 or RAD54 in strain LSY386(∆rad52) resulted not only in the total recovery of gene repair activity, but also in a significant enhancement above the ∆rad52 baseline activity, as well as wild-type levels. Previous cell-free extract data (31) suggested that yeast strains containing a deletion in the RAD52 gene exhibited a higher level of gene repair activity, and in vivo data presented herein align with the notion that functional RAD52 may act to inhibit the reaction. Its deletion apparently sets the stage for an expanded enhancement of gene repair when RAD51 or RAD54 is overexpressed. When the electrocompetency data are taken into consideration (see Table 1 ), the level of enhancement directed by RAD54 overexpression approximates that of RAD51.
Many of the observations obtained in studies of episomal repair extend to the level of the chromosome. First, gene repair appears to be equally efficient (or inefficient) whether the target is episomal or chromosomal (integrated). Second, vectors designed to hybridize to the non-transcribed strand are more effective in directing repair than those hybridizing to the transcribed strand, confirming our earlier observations (29) . Third, there is an enhancement of repair activity as a function of vector length, up to 74 bases, but a reduction in activity when a 100mer is used. Finally, overexpression of either RAD51 or RAD54 leads to significant enhancement of chromosomal repair and overexpression of RAD52 reduced activity.
The current model of DNA pairing in eukaryotes during double-strand break repair centers around the activity of Rad51p. Initially, single-stranded DNA is bound by RPA and then processed by Rad52p for loading with Rad51p, with subsequent displacement of RPA. The nucleoprotein filament containing DNA and Rad51p searches for homology with the assistance of Rad54p, acting as a chromatin remodeler (23, 25, 38) , destabilizing nucleosomal DNA and eventually enabling stable base pairing between the single-stranded vector and the target.
Our overall observations can be explained by this model with one exception. Based on the above scenario, the enhancement of gene overexpression of the recombinase Rad51p would be predicted to enhance gene repair, because Rad51p is likely to catalyze DNA strand transfer, assimilating the vector onto the target. And any activity, such as that of Rad54p, which promotes nucleosome repositioning or DNA unwinding, thereby producing a more accessible DNA target, would also be predicted to elevate the frequency of gene repair. In fact, our data confirm this prediction. However, according to the paradigm of double-strand break repair, a role of Rad52p is to load Rad51p onto a single-stranded DNA molecule (here the vector). But, in every reaction tested herein, the overexpression of RAD52 led to either no enhancement or a significant reduction in activity. We also observed that in the absence of this gene, the overexpression of RAD51 or RAD54 led to the highest level of targeted gene repair. D-loop formation, which is likely to happen in both episomal and chromosomal targeting, likely requires the activity of the DNA recombinases, such as Rad51p (with or without Rad54p), which can promote strand invasion and strand assimilation. Rad52p, in contrast, does not promote D-loop formation, but does catalyze DNA annealing. Thus, Rad52p could be competing directly with Rad51p or Rad54p by binding to the single-stranded vector in an attempt to find a complementary partner. The need for the 'loading activity' of Rad52p may be substantially reduced when either Rad51p or Rad54p is present in abundance. Hence, by simple equilibrium shifts, the need for Rad52p-associated Rad51p-promoted reactions may be diminished.
The data provided in this paper reveal that Rad51p, Rad52p and Rad54p impact on, and perhaps regulate, the process of targeted gene repair directed by modified single-stranded DNA molecules. Thus, it is clear that by understanding the proteins involved in the targeted gene repair mechanism and by carefully manipulating the content of these proteins within cells and the genetic background of the cell, we may increase the frequency and bring the potential of therapeutic gene repair closer to reality.
